ABSTRACT, A local expansion technique for the reconstruction of the plasma boundary is presented. The method is particularly accurate in identifying the separatrix in X-point configurations. It is applied to JET discharges and the results are compared with those of a full equilibrium code and with other independent diagnostics. It is found that the majority of the H-mode discharges at JET have been achieved in marginal limiter configurations. The method is sufficiently reliable and fast for real time shape control.
INTRODUCTION
The importance of the physical mechanisms, operating at the plasma edge, in determining the overall performance of fusion devices has become increasingly recognized in recent years [l], especially so with the advent of the H-mode high performance regime of operation observed on tokamak machines [2]. The improved confinement region obtained in this mode of operation is known to originate at the plasma edge [3]. Since many of the edge physics diagnostics and models are sensitive to errors in the determination of the plasma boundary, this can lead to contradictory results in the description of the H-mode [4]. Accurate determination of the magnetic field configuration close to the plasma boundary of present day tokamak devices has therefore become increasingly important.
We describe here a local expansion technique to determine the complete plasma boundary. In the past, scepticism has been expressed concerning the use of Taylor series type expansions in global plasma boundary determinations [5-71. Previously, such expansions have been restricted mostly to a very local region in the vicinity of the measurements, the main application being for plasma position control [8]. The 'local' method used at JET and described here makes use of five 6th order expansions of the flux function which are symmetric in major radius and constrained by the vacuum field equations. By fitting to the local field and flux measurements they can give an accurate determination of the boundary in the vicinity of the measurements. The expansion in the region of an X-point for separatrix configurations is particularly suitable in localizing the X-point. By constraining adjoining fits to match at chosen 'tie' points, a global reconstruction of the plasma boundary is obtained. In line with the philosophy of the method, these constraints are applied in a least squares sense. The method is sufficiently reliable and fast for real time shape control.
LOCAL EXPANSION TECHNIQUE
The local expansion method was originally introduced at JET in order to have a fast and accurate determination of the plasma boundary in the neighbourhood of an X-point. This method has been extended to cover the whole plasma boundary and is now used for arbitrary plasma configurations. The basis of the method is five 6th order expansions of the poloidal flux, one each at the top, bottom, inboard, upper belt and lower belt limiters of the vessel. The expansions are given by and by fitting to the local flux and magnetic field measurements. In addition, the five expansions are constrained to match at chosen tie points around the vessel.
Having imposed the vacuum equation, each expansion is left with 13 independent coefficients to be determined, leading to a total number of 65 coefficients for the five expansions. The flux and magnetic field can be written in terms of these coefficients as a = 1 .... The choice of 6th order for the expansion and the use of five fits is a compromise. The accuracy of the results (judged by comparison with an equilibrium code) improved as the order of the expansion and the number of fits was raised, but the required number of measurements also increased. The truncation errors associated with a Taylor expansion become worse as the distance from the centre of the expansion increases, and so the use of measurements far from p = 0, z = 0 in the least squares fit results in a decrease in the accuracy of the answer. To overcome this problem, additional constraints were introduced between neighbouring expansions such that the fluxes at given points were made to agree. These 'tie' points were chosen midway between the expansion centres (where the errors from the two expansions are comparable), in groups of four (to match the flux and its derivative, the magnetic field), and in a region outside the plasma. By this means the maximum distance of a measurement from the corresponding centre could be reduced. Initially neighbouring expansions were constrained to agree exactly at these 'hard tie points'.
It was found that the results could be improved (especially with small plasmas) by relaxing the constraint that adjacent expansions match exactly, but allowing an error term wl (ga(RJ, 3) -$"R,, 4 ) ) '
to be included in the expression to be minimized. These so-called soft ties between the fits are implemented by introducing additional measurements mJ = 0 at points (R,, Z,) where the ties are to be imposed and defining additional matrix elements
, where i is the coefficient index, j labels the tie point (RI, Z,), and d(l), d (2) refer to the two fits involved in the tie. This procedure introduces non-zero off-diagonal blocks into the block matrix D described above; the method of solution remains the same, but a 65 X 65 matrix must now be inverted.
When inaccurate data are suspected, hard ties are introduced in order to constrain two neighbouring fits to match exactly at a point (Rj, 4). A constraint between fits 1 and 2 would have the form Hence, each hard tie point allows one of the 65 coefficients to be eliminated from the calculation, so that we can write
where the 65 coefficients C are divided into nh coefficients C", which are eliminated from the minimization process, and 65 -nh coefficients C ' . The coefficients in Ch are chosen so that A is non-singular, giving Ch = A-'BCr (10) and a matrix T can be constructed where
If we substitute this expression for C into x2 and minimize with respect to C', this is equivalent to replacing where This leads to a minimization given by an equation of the type (6).
Without any tie point constraints, each expansion requires at least 13 measurements to give a solution. At present, the JET magnetic measurement system just about satisfies these criteria. There are plans to increase the number of available measurements, which will give a more robust reconstruction. The plasma boundary is found in the usual way by finding the minimum flux value (the plasma current in JET is negative) between various limiter components around the vessel as well as at any separatrices if they exist inside the vessel. Any X-points of the poloidal field Bp are found using a Newton-Raphson procedure to solve V$ = 0. As with most other methods, any significant currents flowing outside the separatrix or in the vacuum vessel will reduce the accuracy of the answer.
BENCHMARK CALCULATIONS
In order to benchmark the method, we reconstruct the plasma boundary for various plasma configurations, using magnetic data generated by the full equilibrium code IDENTC [9] . The usual magnetic field measurements at JET are used. They consist of a maximum of 34 magnetic coils and 14 flux loops placed around the wall of the vessel. There is a higher density of magnetic coils at the top and bottom of the vessel in regions where X-points of the field are formed. In these regions we also measure two perpendicular components of the magnetic field in order to give a more accurate location for X-points . Figure 1 presents a comparison between the numerically generated boundaries of IDENTC and the reconstructed boundaries using the local expansion method XLOC. We see that for all configurations there is good agreement, with an error of less than 2 % ( -2 cm) of the minor radius for the whole boundary. Given that the grid size in IDENTC is of the order of 7 cm, this discrepancy could easily be absorbed into the inaccuracy of the numerical scheme underlying IDENTC.
For the proposed pumped divertor, which will become operational in 1993 [lo], we reconstruct the plasma boundary using magnetic data generated by the full equilibrium code EFITJ [ll] . The magnetic field measurements are now 44 magnetic coils and 27 flux loops. The comparison between the EFITJ boundary and the reconstructed boundary using XLOC is shown in Fig. 2. 
EXPERIMENTAL RESULTS
The local expansion method of plasma boundary reconstruction has been run continuously during operations at JET for the past three years. We have extracted data from the JET database system in order to make comparisons with other boundary diagnostics. The results are presented below.
Comparison with IDENT
The distances CR1-CR6 used to characterize the plasma boundary are shown in Fig. l(a) . They are respectively the distance to the inner wall, the RF antenna, the upper belt limiter, the lower belt limiter, the upper inner wall and the lower inner wall. Figure 3 presents a comparison of these distances between the reconstructed boundary from XLOC and the reconstructed boundary from IDENTC, in the form of a scatter plot, using data from the 1990-1992 JET experimental campaigns. We see that there is generally good agreement, especially when the plasma to vessel component distance is less than 10 cm.
Comparison with independent diagnostics
The standard interpretation of the divertor diagnostics uses the magnetic configuration given by XLOC in the divertor region. However, for some discharges it is possible to use raw measurements from these diagnostics to check the accuracy of XLOC. The divertor diagnostics used for this purpose are the Langmuir probes installed in the target plates and the CCD camera recordings of the light emission from the target plates.
If the X-point of a discharge is swept across the target tiles so that the strike points of the separatrix cross over a Langmuir probe, changes in the Langmuir characteristics will result. Although the detailed physics of the rapid changes in the plasma parameters that occur at the transition between the scrape-off layer and the private flux region are not fully understood, it is reasonable to assume that the transition takes place where the major changes in the Langmuir characteristics occur. Figure 4 shows the radial position of the inner and outer magnetic strike points given by XLOC as a function of time for two hot-ion upper X-point discharges. The radial position of two probes is also given. According to Fig. 4 , both probes are crossed by both strike points for shot 26019, whereas only probe 2 is approached for shot 26021. point crossing over the respective probe. This assumption is supported by the fact that the plasma parameters obtained after processing the Langmuir characteristics (ne, T,) undergo similar changes in the same interval AR.
--_--------_----_---
On the CCD camera recordings of the light emission from the target plates, very well localized hot spots can be observed. Generally, they are located on tiles that have a larger inclination against the magnetic field than the flat surface of the plates. The location of the hot spots should be at the maximum of the parallel heat flux, i.e. just at the strike points of the separatrix [12] . From the tape recordings of shots 26019 and 26021 the radial co-ordinate Rcco of the hot spot at the outer strike points was visually determined relative to geometric features of the target tiles (edges, bolt holes). This method was used only in time intervals where the radial width of the hot spot was less than 1 cm; the estimated accuracy of this procedure is f 1 cm. The values obtained, together with the corresponding radial position of the strike point according to XLOC, RXLOC, are given in Fig. 7 , which shows a scatter of the measured points around the straight line of ideal agreement between the two methods. The maximum deviation from the straight line is 16 mm and the mean deviation is 10 mm. between XLOC and the positions of the probe, whereas the CCD results show a random scatter. It seems that the assumed accuracy of the CCD method is overestimated and that the Langmuir probe results are more representative. CCD camera recordings of five lower X-point discharges with varying distance between the X-point and the target plate (AX = 2, 3, 8 and 13 cm)
were also analysed. The results obtained confirm the findings in the above mentioned upper X-point shots (AX = 9 and 11 cm). The maximum deviation between RxLoc and RccD is within the accuracy of the method (*lo mm).
Spectroscopy measurements can also be used to assess the accuracy of the boundary reconstruction. As the plasma changes configuration from outboard limiter to divertor to inner wall limiter, the neutral H flux as measured by the Ha bremsstrahlung in these positions rises and falls accordingly. 
H-mode
The results obtained from XLOC for the position of the X-point showed that before the end of 1990, most of the H-modes achieved at JET were 'marginally limited', with the X-point outside the vessel and the plasma limited on the carbon tiles in the divertor region. Subsequently, magnetic configurations were obtained with the X-point well inside the vessel. These results are summarized in Fig. 9 . The effect of the X-point position on confinement is discussed in Ref. [13] , the main conclusion being that the diamagnetic stored energy scales with I, more weakly than linearly as the X-point moves further outside of the vessel with increasing current.
SUMMARY
The XLOC boundary reconstruction package is in routine use at JET and has an accuracy in localizing X-points of < 2 cm. Its boundary has been compared with the boundary of the full equilibrium identification code IDENTC, showing excellent agreement at the inboard and outboard sides of the plasma. However, it gives a more accurate X-point location when comparisons are made with other diagnostics such as the Langmuir probes in the X-point region and the strike zones obtained from the CCD camera observations. This more accurate determination of the X-points has shown that H-modes at JET can be obtained with a marginally limited configuration as well as in true X-point configurations with the X-point inside the vessel.
